As a part of work for developing chemical technique for mutual separation of trivalent actinides (americium and curium) and lanthanides, primary feasibility of the application of electrolytic amalgamation technique is theoretically studied. Reported polarographic data obtained in the past by radiopolarography were widely surveyed and used as the base of the calculation evaluation. Assuming the waste solution from the spent nuclear fuels, current-potential curves of related elements in the electrolytic system using mercury cathode were drawn, and the possibility of their mutual separation was discussed. In order to discuss its applicability to the actual separation, by using obtained electrolytic characteristics, decontamination of the lanthanide and Cm from Am in a constant potential electrolysis was evaluated. As a result, a possibility of practically satisfactory separation of Am from others by this technique was pointed out.
I. INTRODUCTION
Recently, the importance of the actinide-recycling has been discussed(1)- (3) and numbers of studies have been conducted (4) . In this activity, in parallel with the major discussion on the recovery of some transuranium elements (neptunium, americium and curium) from wastes, the necessity of separating these from lanthanides is pointed out (5) . This is because multirecycling of minor actinides may cause build-up of lanthanides in the fuel cycle and leads to a reactivity loss in the reactors, which is due to difficult chemical separation of lanthanides and trivalent actinides. In addition, the preference of separating curium from americium is also pointed out (5) . From this viewpoint, various chemical investigations are being done for the mutual separation of americium, curium and lanthanides.
Mutual separation of trivalent actinides and lanthanides by aqueous media has a base on their slight differences in the complexation with various ligands or utilization of higher valency of americium. The separation by aqueous extraction has shown quite successful performance (6) , but is likely to result in a high cost for the complicated engineering. Separation by pyro-chemistry based on the difference of their reductive extraction to metallic phase provides quite good separation performance too (7) , but its technological difficulty (e.g. high temperature) still requires further development. Thus, if simple reductive removal of selected elements from the aqueous media at room temperature becomes possible, it will be a strong candidate. Utilization of the difference in the reduction potentials of interested trivalent elements from ionic state to metallic state, if any, will probably provide possible separation by electrolysis in an acidic solution. However, it is generally believed difficult because of their deeply negative reduction potentials (more negative than hydrogen discharge) and difficulty in the control of their electrolytic-deposition onto the solid cathode.
In contrast to the above, using the mercury as cathode in aqueous solution solves most of the difficulties of solid cathode system as the followings. Firstly, elements reduced to the metallic state quickly dissolve into the liquid mercury to form amalgam, which ensures stable surface condition of the cathode. It also ensures no re-oxidation of reductant, and easy handling and recovery of product as flowing liquid. Secondly, its high hydrogen over-voltage mitigates the disturbance by hydrogen ion reduction, which enables effective reduction of lanthanides and actinides in a slightly acidic solution. Thirdly, the removal of mercury from the objective elements is easy by distillation utilizing mercury's high vapor pressure. Thereby, the electrolytic amalgamation is expected as only feasible way to realize selective reduction of the actinides and lanthanides to metallic state in the aqueous media.
On the other hand, data for the electrolytic amalga, mation of actinides and lanthanides are not sufficient enough to judge the primary feasibility of this technique at present. Much experimental efforts will surely be required for this, but before starting them, it will be worth to evaluate its primary feasibility with already reported information. The purpose of this article is, thus, to evaluate the performance and primary feasibility of this technique for the mutual separation of actinides and lanthanides using already published data.
II. PRINCIPLE OF ELECTROLYTIC AMALGAMATION TECHNIQUE
Radiopolarography which is an analytical technique for radioactive elements provides the basic principle of the electrolytic amalgamation technique for actinides and lanthanides separation. In the case of radiopolarography, dropping mercury cathode is used in aqueous solution with the use of adequate reference electrode. Instead of measuring the reduction current of the solutes in the conventional polarography, radioactivity absorbed into the mercury as amalgam is measured to know their specific reduction potential to metallic states(8) (9) . This principle is applied to the mixed solution of actinides and lanthanides by using large surfaced mercury cathode in place of dropping mercury electrode. By the constant potential electrolysis, only objective solute having most positive reduction potential is reduced to the metallic state and extracted to the mercury with other more lessnoble metals kept in the solution (Fig. 1) .
The reported reduction characteristics of various actinides and lanthanides by the radiopolarography provide the base of the primary feasibility of its application to the actual separation. Especially, the half-wave potentials observed by radiopolarography directly gives the cathodic potential where the reduction of the ions to metallic state actually starts. Therefore, by knowing the half-wave potentials and other related parameters, we can estimate the reduction profiles of actinides and lanthanides in their mixed solution.
III. MATHEMATICAL EXPRESSION FOR CURRENT POTENTIAL CURVE
The polarographic current density is given by Eq.(1) (9) , where E, E1/2, i, id and a denote cathode potential, half-wave potential, reduction current density, limiting diffusion current, transfer coefficient, respectively. Under sufficiently negative cathodic potential, the reduction current is controlled by the diffusion of species, and limiting diffusion current is given by Eq. (2) as a function of diffusion coefficient (D), diffusion layer thickness (d) and bulk concentration of objective solute (C0). Combining Eqs. (1) and (2) derives Eq.(3) for the expression of reduction current density of solutes characterized by E1/2, D and a:
By Eq. (3), we can draw current-potential curves of any solutes if their E1/2, D and a are known. E1/2 and a have to be determined experimentally, but D can be approximately given by a theoretical formula. In a less concentrated solution, the diffusion coefficient D can be approximated by infinite diffusion coefficient Doo which is given by Eq.(4) where R, T, loo, Z and F denotes gas constant, temperature, equivalent conductivity in infinite solution (10) , ionic charge and faraday constant, respectively:
The diffusion coefficients obtained by Eq.(4) are summarized in Table 1 . Because the diffusion coefficients of these trivalent cations form smooth relation on the ionic radii of their aquo-ions(11), those for Am, Cm and Pm whose loo are unknown are estimated by interpolating this relation given by the other trivalent elements. The diffusion coefficients obtained by this method well agree with the reported data(12)- (15) . The diffusion layer thickness varies with the flow rate of the solution at the surface of the cathode, hence depends on the magnitude of agitation. In this paper, considering technological limitation on the effectiveness of the stirring of the solution, the diffusion layer thickness is conservatively assumed to be 0.01cm. Assuming an ideal constant potential reduction, the bulk concentration of solute at time t on cathodic potential E is given by Eqs. (5) and (6), where A, V and l denotes cathode area, solution volume and reduction rate constant, respectively. Integration of this equation along time provides the reduction yield of the nuclides, hence the composition of product in the amalgam phase:
IV. BASIC DATA OF AMALGAMATION FOR ACTINIDES AND LANTHANIDES
Radiopolarography has been applied to the actinides and lanthanides to investigate their redox characteristics in the aqueous media. The half-wave potentials reported in the past are summarized in the Tables 2 and 3 for actinides and lanthanides (16)- (23). It should be noted that there are some cases in which half-wave potentials obtained by different researchers do not agree, and that they are sensitive to the solution conditions, e.g. pH of the solution. The potentials in this article all refer to normal hydrogen electrode (NHE). Table 2 Reported half-wave potentials of actinides by radiopolarography (V: NHE) (17) 1. Radiopolarography Data of Americium and Curium Radiopolarography data for Am and Cm are listed and compared in Table 4 . It is noticeable that among number of measurements of half-wave potential (E1/2) for Am, there are as much discrepancy as 100mV at the largest, and same tendency is seen for Cm too. In addition, according to the reports by Samhoun (1979(19) , 1976 (20) ), there is a difference as large as 100mV between the E1/2 of Am and Cm, which suggests possible separation of two elements by finely controlled constant potential electrolysis. However, recently reported data by Shiokawa (1985(23) ) points out their complicated characteristics. He suggested that there are two different reduction waves depending on the solution conditions. He suggests that true reduction wave of Am (main wave, hereafter) appears at E1/2=-1.719V when its concen -tration is relatively low and pH is higher than ca. 3.0 while another pseudo wave (pre-wave, hereafter) appears at -1.639V in a solution having higher concentration and lower pH. Same tendency is also pointed out for Cm providing E1/2=-1.769V for main wave and same potential for pre-wave as Am. He attributes the main wave to diffusion controlled true reduction wave and prewave to pseudo wave by irregular mechanism like adsorption. Considering that his measurement was very carefully done using reliable experimental system, his data are recognized reliable enough for our purpose. The lessreproducible data of Am by Samhoun can probably be explained by the phenomena determined by Shiokawa.
From the stand point of the desire to separate Am and Cm from lanthanides, their recovery by the prewaves will give preferable result because of their more positive-sided potential.
However, because there is no scientific evidence that the pre-waves behave like the regular reduction waves, we can not apply them as the basic mechanism for our evaluation. Moreover, this kind of irregular adsorption onto the electrode is likely to be suppressed by any adequate measures. Therefore, we used the main waves for the evaluation of reductive extraction of Am and Cm, which is more conservative assumption for our purpose.
Radiopolarography
Data of Lanthanides Insufficient data is reported for lanthanides (16) (17)(24), but the reported data considerably agree well. In this article, those summarized by Nugent (1975(16) subtracting these from their individual standard potentials. The transfer coefficient of the lanthanides are not reported in the literatures, hence, as most conservative assumption, they are assumed to be unity. The all radiopolarography data of actinides and lanthanides which are summarized in this paper are listed in Tables 5 and 6 .
V. RESULTS
In order to clarify the feasibility of its application to the actual waste solution, a hypothetical reference mixed solution was assumed. Spent LWR (Light Water Reactor) fuel is selected as the origin of the reference waste solution, and its irradiation was simulated by ORIGEN-II code(28) with 45,000MWD/t burn-up and 5 year cooling. For getting reference waste solution, all trivalent actinides and lanthanides in 1HMt of spent fuel are separated from other fission products and actinides then concentrated to one litter of volume. The composition of reference waste solution is summarized in Table 7 . It should be noted that the concentrations of lanthanides are much higher than those of americium and curium. Heavier lanthanides than Tb are omitted in this evaluation because of their low abundance. Two cases, direct electrolysis of the reference solution and the case with the existence of unique organic ligand, were examined. The solution is hypothetically assumed to be chloride solution of pH=ca. 2.5 which gives less evolution of hydrogen.
Case of Mixed Waste Solution
All the calculational parameters applied are summarized in Table 8 . The current-potential curves for the trivalent elements expressed by Eq.(3) are shown in Fig. 3 . Figure 3 implies the possibility of selective extraction of Am to mercury due to its most positive-sided reduction. However, because of the high irreversibility of Am, the diffusion-controlled zone of Am can hardly be distinguished from those of La, Eu, Sm and Cm. This suggests that these elements are extracted with similar yields under cathodic potential that is adequate for efficient extraction of Am.
Resultant performance of the separation of Am from others is indicated in Fig. 4 . Figure 4 is obtained by Eqs. (5) and (6) (7)), the shift of the half-wave potential from that of MXn+q+ne-->M(Hg)+qX (7)
According to Eq.(8), coexistence of ligand having large bMX q with divalent Eu and Sm will lead to large shift of their reduction waves to more negative potential. The ligand must not form stable complex with the Am3+ in order not to shift its reduction to negative side.
There are not many ligands which satisfy this requirement, but some of cyclic organic ligands are expected to satisfy this, for example, crown-ether 1-4-7-10-13-16-Hexaoxacyclooctadecane (18-CROWN-6) is known to form complexes with various divalent cations depending on their ionic radii (30) . Figure 5 shows the dependency of the stability of 18-CROWN-6 complexes with various divalent cations as a function of their ionic radii. Because the ionic radius of Eu2+ and Sm2+ is given by 1.20 and 1.22A(31), their stability constants are estimated from the relation in Fig. 5 . The estimated stability constants of these two are listed in Table 9 together with the stability of Am3+ complex. The calculated shifts of the half-wave potential in various concentration of 18-CROWN-6 are listed in the Table 9 too. Using the shifted potentials by coexistence of 18-CROWN-6, the current potential curve of the reference solution containing 0.1M 18-CROWN-6 becomes that shown in Fig. 6 . The transfer coefficients are assumed not to be changed by the addition of 18-CROWN-6. Because the reduction waves of Eu and Sm are far negative than that of Am, they no longer accompany to the amalgam product of Am. The molar ratios of impurities obtained are shown in Fig. 7 .
VI. DISCUSSION
In order to evaluate the effectiveness of this method, two kinds of decontamination factors (DF) are defined by the following formulae. Wj and WAm, denote the weight of element j and Am in the feed solution or the product amalgam. kj is a weighing factor which corresponds to the microscopic neutron absorption cross section of element j which is normalized to unit weight (1g) of the element. It gives relative magnitude of the neutron absorption by different elements under neutron spectrum of fast reactor. kj is defined by Eq. (11) which suggests acceptable range for practical purpose. This is the result of high decontamination of Eu and Sm which have heavier effect both in mass and neutron poisoning.
If we simply look at the relatively large differences of the standard reduction potentials of actinides (Am and Cm) and lanthanides, the separation of two groups seems easy.
However, in the case of reductive extraction to mercury, owing to the larger amalgamation energy of lanthanides (ca. 0.3V for trivalent actinides and, 0.5V or more for the lanthanides), gap of two groups becomes narrow making their separation more difficult (Fig. 8) . Therefore, separation of actinides from lanthanides by amalgamation requires fine and sensitive control, which is an unavoidable narrow gate of taking advantage of amalgamation technique. On the contrary, from the viewpoint of the desire to realize their reductive recovery at as positive-sided potential as possible, their large amalgamation energies are favored because they pull their reductions up to more positivesided potential area (-1.9V or more positive) in which serious disturbance by discharge of electrolyte can be avoided. The cause of the difference of amalgamation energies between actinides and lanthanides is unknown, but this will probably be attributed to the difference of metallic interaction by f-elements with mercury. It is noticeable that two neutronically important elements Eu and Sm have close amalgamation potentials to actinides under ordinary condition, but by utilizing their intermediate reduction step with the use of ligands, their separation can be totally improved.
Another factor making the selective reduction of Am difficult is its low transfer coefficient (a=0.41), i.e. high irreversibility of the electrode reaction. Our conservative assumption of lanthanide's perfect reversibility (a=1.0) may be too severe condition because there are some reports pointing out lanthanide's less reversibility (12) (14) . Further detailed and quantitative studies for the analysis of different reversibilities of trivalent actinides and lanthanides will surely enhance our consideration.
In order to make a concrete judge on the feasibility of this technique for mutual separation, we still have to clarify the following subjects; i) errors of reported polarographic data, ii) effect by the application of different solution conditions (e.g. solute concentration and ionic strength), iii) effect by the application of nitric acid solution, iv) unexpected effects like pseudo amalgamation like adsorption, v) effect by the hydrolysis of metals (32) , and vi) effect by the strong irradiation, and so on. More experimental work to clarify these subjects will surely enable us to judge the practical feasibility of this method.
Apart from our desire to apply this technique to industrial purpose, there is much attraction in its utilization to laboratory works. For instance, preparation of small amount of metals of actinides or lanthanides from aqueous solution will become possible. If needed, preparation of small amount of their nitrides will be possible too(33) by distillating mercury under nitrogen atmosphere at relatively high temperature.
VII. CONCLUSION
As a conclusion of this paper, we can point out the attraction of electrolytic amalgamation technique for the separation of Am from Cm and lanthanides. The primary feasibility, i.e. the possibility of separation by the potential difference, is not denied by the above discussion though there are still various uncertainties to be clarified. If more reliable data of the amalgamation of actinides and lanthanides are obtained by further experiments, we will be able to judge its possible application. Aquisition of related basic electrochemical data is strongly desired.
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